Previous studies have suggested that spatial nutrient heterogeneity promotes plant nutrient capture and growth. However, little is known about how spatial nutrient heterogeneity interacts with key community attributes to affect plant community production. We conducted a meta-analysis to investigate how nitrogen heterogeneity effects vary with species richness and plant density. Effect size was calculated using the natural log of the ratio in plant biomass between heterogeneous and homogeneous conditions. Effect sizes were significantly above zero, reflecting positive effects of spatial nutrient heterogeneity on community production. However, species richness decreased the magnitude of heterogeneity effects on above-ground biomass. The magnitude of heterogeneity effects on below-ground biomass did not vary with species richness. Moreover, we detected no modification in heterogeneity effects with plant density. Our results highlight the importance of species richness for ecosystem function. Asynchrony between above-and below-ground responses to spatial nutrient heterogeneity and species richness could have significant implications for biotic interactions and biogeochemical cycling in the long term.
Introduction
Environmental heterogeneity is both the foundation for many theoretical models of species coexistence and a key driver of ecosystem function [1, 2] . Plant responses to nutrient heterogeneity have received particular attention, and nutrient heterogeneity effects have previously been demonstrated from the individual plant to the ecosystem level [3] . More recently, spatial heterogeneity of soil nutrients (i.e. horizontal or vertical variation in soil nutrients) has been shown to modulate ecosystem responses to plant diversity and diversityproductivity relationships [4] . Nevertheless, the importance of biotic factors for the linkages between soil nutrient heterogeneity and ecosystem responses remains unclear [5] . Improved understanding of how plant community attributes modulate plant productivity responses to spatial heterogeneity of soil nutrients is critical for understanding ecosystem function in a complex environment.
Complementarity in resource uptake and use among co-occurring species enhances plant community biomass [6] . Complementarity effects are expected to be greater at higher species richness due to the increased diversity of plant traits and strategies of nutrient uptake and use [7] . Spatial heterogeneity of soil nutrients should further promote resource complementarity by increasing the range of conditions experienced within the community in terms of nutrient & 2017 The Author(s) Published by the Royal Society. All rights reserved.
availability [8] . In theory, heterogeneity effects should increase with high species richness. Moreover, differences in root foraging patterns may make below-ground biomass particularly susceptible to interactions between species diversity and soil nutrient heterogeneity [4] . However, knowledge on interactions between species richness and spatial heterogeneity of soil nutrients has yet to be generalized [5] .
Aside from species richness, plant density within a community may influence community biomass via changes in plant competition [9] . At high plant density, resources are more limiting and competitive interactions are expected to increase. However, where species show differentiation in their patterns of resource use, spatial heterogeneity of soil nutrients may alleviate the negative impacts of competition on productivity by promoting community-level increases in resource uptake efficiency [10] . Consequently, positive heterogeneity effects may offset negative effects of competition at high density, and heterogeneity effects should decrease in magnitude with high plant density. To date, however, the generality of how plant density modifies nutrient heterogeneity effects on plant community productivity has yet to be tested.
Here, we use a meta-analysis to investigate how effects of spatial heterogeneity of soil nutrients on plant community production vary with species richness and plant density. We address the following hypotheses: (i) heterogeneity effects increase with high species richness; (ii) heterogeneity effects decrease with high plant density. We investigate whether plant production shows similar response patterns aboveand below-ground, and test for possible confounding effects of selected abiotic and biotic covariates that may modify competitive interactions and plant growth.
Methods
We searched the ISI Web of Science and Google Scholar on 22 April 2016 for peer-reviewed journal articles reporting the effects of spatial heterogeneity of soil nutrients on plant communities of different diversity and/or plant density, without restriction on publication year (electronic supplementary material, appendix 1). The literature search and subsequent selection returned 16 papers (electronic supplementary material, appendix 2). All studies investigated responses to spatial pattern of soil nutrients (heterogeneous versus homogeneous) of monoculture or multispecies mixtures of herbaceous species in greenhouse or common garden experiments. We focused on spatial heterogeneity of soil nitrogen in our study due to data availability, but of course recognize that other soil nutrients such as phosphorus may affect plant productivity [11] .
Two continuous covariates were identified for each study: (i) species richness (the number of species within an experimental unit); (ii) plant density (represented as individuals m
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). We also extracted information on other abiotic covariates including nutrient type (organic versus inorganic), plant composition based on functional group (grass, forb or legume) or life form (annual or perennial), total N addition (g N l 21 ), patch size (in volume, l), experimental duration and pot size (volume). Multiple experimental treatments from the same study were included in our analysis when possible to take complete advantage of published results. ImageJ was used to extract means, standard errors or standard deviations from figures in the chosen papers [12] . A total of 213 observations from 16 articles and 11 independent experiments were used in the meta-analysis (data presented in electronic supplementary material, appendix 3). Twelve studies had different control treatments, and we therefore used different controls for the calculation of effect sizes in these studies.
Effect sizes were calculated using the natural log of the response ratio [13] LnR ¼ Ln
where LnR is the effect size, and X t and X c are plant assemblage biomass for heterogeneous or homogeneous nutrient treatments, respectively. Meta-analysis using a random-effects model was used to estimate the weighted effect sizes for above-and below-ground biomass [14] . Z tests were used to test if the effect size was equal to 0. Meta-regressions were performed separately to evaluate the relationships between covariates and effect sizes for above-or below-ground biomass; effect sizes showed no response to nutrient type (electronic supplementary material, appendix 4), and studies with organic and inorganic nutrients were therefore pooled for analyses presented here. We used a multi-level model approach to overcome possible data dependence (i.e. from multiple effect sizes in single studies) and included study as a random factor following Nakagawa et al. [15] . Total heterogeneity of effect sizes (Q T ) was partitioned into residual heterogeneity (Q E ) and covariate-explained heterogeneity (Q M ). The Q M statistic follows a chi-squared distribution under the null hypothesis that the effect size is the same for all subgroups. All analysis was conducted using the 'metafor' package [16] in R 3.3.1. Covariates were natural log-transformed to follow a normal distribution prior to analysis if necessary. Publication bias was estimated using (i) funnel plot, (ii) Egger's regression test, (iii) the trim-and-fill method and (iv) the falsesafe number [14] . The R code for this meta-analysis can be found at Github (github.com/nianxunxi).
Results
In general, spatial heterogeneity had significant and positive effects on both above-ground biomass and below-ground biomass ( figure 1, p , 0.0001) .
There was significant among-study heterogeneity in effect sizes for both above-ground biomass (Q T ¼ 547.83, p , 0.0001) and below-ground biomass (Q T ¼ 322.00, p , 0.0001). Heterogeneity effects on above-ground biomass decreased with increasing species richness (figure 2a, Q M ¼ 4.919, p ¼ 0.027), but there was no significant relationship between species richness and heterogeneity effects for below-ground biomass (figure 2b, Q M ¼ 1.236, p ¼ 0.266). Plant density showed no relationship with effect sizes for either above-ground biomass (figure 2c, Q M ¼ 0.179, p ¼ 0.673) or below-ground biomass (figure 2d, Q M ¼ 0.007, p ¼ 0.934). In general, heterogeneity effects decreased with high total N addition and the presence of three plant functional groups (grasses, legumes, forbs), but there were no significant relationships between other covariates and effects sizes (electronic supplementary material, appendix 4).
The results indicated that there was evidence that distribution of effect sizes was asymmetric, but the results were robust based on the trim-and-fill method and the fail-safe number (see details in electronic supplementary material, appendix 5).
Discussion
Our results show positive effects of spatial heterogeneity of soil nutrients on plant biomass, confirming the view that smallscale nutrient heterogeneity enhances ecosystem productivity [4, 8] . Contrary to expectations, we found that the magnitude rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170510 of heterogeneity effects decreased with high species richness for above-ground biomass. This finding suggests that high species richness may buffer above-ground ecosystem productivity against heterogeneity-induced changes, and could reflect (i) asynchrony in species responses to nutrient heterogeneity that interact with complementarity effects [17] , (ii) a levelling-off of complementarity effects at high diversity due to increased selection effects [18] , or (iii) the lower relative importance of nutrient heterogeneity for species interactions at high diversity relative to other axes of niche differentiation such as N form [19] , or light availability. Unlike with aboveground biomass, the magnitude of heterogeneity effects on below-ground biomass was not modified by species richness. Root foraging and plasticity are well documented in response to nutrient heterogeneity [20] , and the observed patterns of biomass response imply a heterogeneity-induced shift in biomass allocation from above-to below-ground compartments at high species richness. These results confirm the idea that above-ground over-yielding may occur at the expense of biomass partitioning to roots [21] , and that below-ground biomass may be more sensitive to species composition than species richness per se [22] .
Our hypothesis that heterogeneity effects would decrease with high species density was unsupported for both aboveand below-ground biomass. Absence of significant interactions between species density and heterogeneity effects may arise if nutrient heterogeneity modifies (or reverses) the competitive hierarchy between species [23] and/or the balance between intra-and interspecific competition [24] . Our results suggest that linkages between nutrient heterogeneity and productivity may be relatively insensitive to vegetation density. Of course we cannot rule out the possible bias of pot/common garden experiments that use much lower plant densities compared to natural vegetation in the field. These results need to be confirmed with additional data from in situ experimental studies. Interestingly, we found that positive heterogeneity effects decreased with high total N availability, likely reflecting increases in competition intensity in high-nutrient patches [3] .
Overall, our results underline the importance of species richness for ecosystem function and stability in complex environments, since declines in species richness may promote greater fluctuations in above-ground productivity under heterogeneous nutrient conditions. It is perhaps notable that the magnitude of heterogeneity effects also decreased with high diversity of functional groups (i.e. presence of grasses, legumes and forbs), confirming the importance of functional diversity for ecosystem function. Moreover, the observed asynchrony in above-and below-ground plant biomass responses to nutrient heterogeneity and species richness could have significant consequences for plant-plant interactions and plant-soil feedback on nutrient cycling. These results are of particular relevance for grazed ecosystems and grasslands, where large herbivores rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170510
and/or soil fauna such as earthworms promote nutrient hotspots. Of course we recognize that these conclusions hold for the relatively limited dataset of studies currently available, and encourage further work in this area to confirm the generality of our results.
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